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ABSTRACT: Several polyimide thin films based on two widely commercialized diamines, 1,4-phenylene diamine 

(PDA) and 4,4'-oxydianiline (ODA), were prepared from respective poly(amic acid) precursors. Water sorption behavior 

of the polyimide thin films· was gravimetrically investigated. The water diffusion coefficient and water uptake of the 

PDA based polyimide thin films were in the range of 1. 6 X 10- 10 cm 2 s - 1 to 12. 6 X 10 - 10 cm 2 s - 1 and in the range of 1.52 wt 

% to 5.80 wt%, respectively. For ODA based polyimide thin films, the water diffusion coefficient and water uptake were 

in the range of 3.0 X 10 10cm2 s 1 to 14.9 X 10- 10cm2 s -- 1 and in the range of 1.62 wt% to 2.95 wt%, respectively. The diffu

sion coefficients of the polyimide thin films are closely related to in-plane orientation, crystallinity, and mean intermo

lecular distance, whereas water uptake is affected by packing order. PDA based polyimide thin films showed relatively 

higher degree of crystalline structure, small mean intermolecular distance, and high in-plane orientation than the corre

sponding ODA based polyimide thin films. This may have caused the lower diffusion coefficient and less water uptake in 

the PDA based polyimide thin films. PMDA-PDA polyimide thin film showed relatively high water uptake due to poor 

packing order. The effect of morphology on the water sorption behavior of the polyimide thin films was more significant 

and may be a critical parameter. 
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High temperature aromatic polyimides are used in the 
fabrication of microelectronic devices as inter-dielectric, 
alpha-particle-protecting and passivation layers, owing 
to relatively high thermal stability, high chemical resis
tance, and high mechanical toughness due to the aro
matic ring and imide ring units on the chain back
bone.1-4 However, despite relatively high chemical 
resistance characteristics , polyimides still sorb 
water.3•

5- 10 Water sorption ofpolyimide films causes the 
reliability problems, such as displacement, package 
cracking, delamination, and mechanical failures in thin 
films. Upon uptake of water, the dielectric constants and 
conductivities in the polyimide films as well as the level 
of dielectric loss increase. Therefore, it will be very help
ful to understand the water sorption behavior of polyim
ides and minimize the total water uptake because the fi
nal equilibrium water uptake provides an upper limit on 
the dielectric constant of the material. For the develop
ment of advanced materials, knowledge of environment 
effects on the performance of polyimide is essential for 
the design and selection of structural material. Conse
quently, many studies have been conducted on the diffu
sion and sorption of water in the polyimide films using 
various methods_7- 9,n-i4 Generally, the water sorption 
into the polyimide thin film is dependent upon the poly
mer morphology, which originates in the processing his
tory and chemical structure. The degree of order in poly
mer molecules can generally be described as semi
crystalline or amorphous.15- 17 The properties of these 
two classes of polymers with respect to the water sorp
tion can be expected to be very different. 

However, 1,4-phenylene diamine (PDA) and 4,4'
oxydianiline (ODA) have the longest history among all 
the commercial diamine monomers utilized in electrical 

and electronic applications and are widely used even to
day.2'3 This work characterizes the water sorption be
havior of the polyimide thin films based on the widely 
used diamines. The water sorption and diffusion behav
ior of the polyimide thin films were gravimetrically in
vestigated using a thin film diffusion analyzer .18- 20 

Water sorption and diffusion behavior was investigated 
with considering the chemical structure and the morpho
logical structure. 

EXPERIMENTAL 

Poly(l,4-phenylene pyromellitamic acid) (PMDA-PDA 
PM) solution was prepared under nitrogen atmosphere 
by slowly adding PMDA to PDA in anhydrous N-methyl
pyrrolidone (NMP) as described elsewhere.1- 3,is-2o The 
resulting solution had a solid content of 15 wt%. Other 
poly(amic acid)s were prepared in the same manner as 
PMDA-PDA precursor solution was synthesized: PMDA
ODA PM, BPDA-PDA PM, BPDA-ODA PM, ODPA
PDA PM, ODPA-ODA PM, 6 FDA-PDA PM, and 6 
FDA-ODA PM (see Figure 1). Diamine and dianhydride 
monomers were purchased from commercial products 
(Aldrich Co. and Chriskev Co.) and purified by sublima
tion under reduced pressure before use. 

All polyimide precursor solutions were spin coated on 
silicon (100) substrates. Coated wafers were prebaked at 
80°C for 30 min on a hot plate under nitrogen flow. The 
prebaked samples were cured under flowing nitrogen by 
the following cure schedule: 150°C/30 min, 230°C/30 min, 
300°C/30 min, and 400°C/60 min. The ramping rate for 
each step was 2.5°C min- 1 and cooling rate was 2.0°C 
min -I for curing. Thickness of polyimide thin films was 
controlled in the range 10-15 microns by a spin coa-

tTo whom correspondence should be addressed (Tel: + 82-2-361-2764, Fax: +82-2-312-6401, E-mail: hshan@yonsei.ac.kr). 
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Figure 1. Synthetic scheme of polyimides based on PDA and 
ODA. 

tor_ 11-
14 Film thickness was measured using a surface 

profiler (Tencor Instruments Co., Model P-10). Cured 
films were taken off from the substrates with deionized 
water and washed with distilled water several times and 
dried. The fully cured films were cut into rectangular 
pieces approximately 10 mm X 15 mm and dried in a vac
uum prior to use. 

For fully cured polyimide thin films, water sorption 
behavior was measured at 25°C and 100% relative hu
midity (RH) as a function of time. A thin film diffusion 
analyzer (Cahn Instruments Co., Model D-200) was used 
as described in previous studies.11-14·18- 20 All sorption 
isotherms measured were simulated with Fick's second 
law, driven for an infinite slab with a constant surface 
concentration by Crank et al. 21·22 

M(t) _ 8 ___ -D(2m+I)2 n 2
t) .

1
) 

-- - I - 2 L.J 2 exp ( o ( 
M(oo) Jr m~o(2m+l) L" 

where M (t) is water sorption at a time t, M ( 00 ) water 
sorption at t=oo, D(cm2 s- 1) mutual diffusion coeffi
cient of water and polymer systems, and L film thick
ness. The experimental data of the entire range were fit
ted with eq 1, leading to estimation of the diffusion coef
ficient. 

Wide-angle X-ray diffraction (WAXD) patterns (trans
mission and reflection modes) of the polyimide thin films 
were obtained using a horizontal X-ray diffraction appa
ratus (Rigaku Co., D/Max-200 B) with nickel-filtered ra
diation. The Cu-Ka radiation source (A= 1.54 A) was op
erated at 35 kV and 40 mA and all measurements were 
carried out 0/2 0 mode with the diffraction vector both 
normal to and in the plane of the films. 2 0 scan data 
were collected in the range of 5-60° at 0.02° intervals 
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with a scan speed of 0.3-0.5° min - 1, depending on 
whether a reflection or transmission scan was made. 

For molecular in-plane orientation of the polyimide 
thin films, the refractive index was measured using a 
prism coupler (Metricon Inc., Model 2010) with a He-Ne 
laser light of 632.8 nm wavelength. At this operating 
wavelength, as polyimide films nearly absorb light, 
anomalous dispersion of polyimide films can be ex
cluded.4 All measurements were performed using a cubic 
zirconia prism ofnTE=n™=2.1677 at A =632.8 nm. The 
laser light was polarized in a direction parallel to the 
film plane (TE mode) or perpendicular to the film plane 
(TM mode). In the measurement, resolution of refractive 
index was ± 0.0005. A combination of TE mode and TM 
mode are used for measuring the in-plane and out-of
plane refractive indices. The difference between the in
plane refractive index and out-of-plane refractive index 
is birefringence (LI). 

RESULTS AND DISCUSSION 

Polyimide thin films based on the PDA and ODA dia
mines were synthesized and prepared by thermal imidi
zation at 400°C. Water sorption behavior of the polyim
ide thin films was gravimetrically measured at 25°C and 
100% RH as a function of time. The water sorption iso
therms of the polyimide thin films are shown in Figure 
2. The results are summarized in Table I. The isotherms 
were reasonably well fitted by Fick's second law (eq 1), 
regardless of morphological heterogeneity due to ordered 
and disordered phases in the polyimide thin films.11- 20 

For comparison, the isotherms of the water sorption 
for the PDA and ODA based polyimides are shown in 
Figure 2. Water sorption behavior of the polyimide thin 
films was quite different and strongly dependent on 
polyimide backbone structure. The diffusion coefficient 
of the PDA based polyimide films varied in the range of 
1.6X 10- 10cm2 s- 1 to 12.6X 10-10cm2 s- 1, in increasing 
order: BPDA-PDA<PMDA-PDA<ODPA-PDA<6 FDA
PDA. The diffusion coefficient of the ODA based polyim
ide films varied in the range of3.0X 10- 10cm2 s-1 to 14.9 
X 10-10cm2 s - 1, in increasing order: BPDA-ODA < 
PMDA-ODA < ODPA-ODA < 6 FDA-ODA. The PDA 
based polyimide thin film showed relatively lower diffu
sion coefficient than the corresponding ODA based poly
imide thin film. ODA based polyimide films approached 
the saturated state more quickly than the corresponding 
PDA based polyimide films. 6 FDA-PDA and 6 FDA
ODA showed relatively high water diffusion coefficients. 

Water absorbed in the polyimide thin films showed 
the same trends of the diffusion coefficients as shown in 
Table I. PDA based polyimide thin films show relatively 
lower water uptake than the corresponding ODA based 
polyimide thin films. However, PMDA-PDA film showed 
significantly higher water uptake than the correspond
ing PMDA-ODA film in spite of relatively low diffusion 
coefficient. This may indicate that there is morphologi
cal imperfectness in PMDA-PDA polyimide thin film for 
the water sorption due to limited chain relaxation and 
high glass transition temperature.13·18 The water uptake 
for PDA based polyimide thin films varied from 1.52 wt% 
to 5.80 wt%, in increasing order: BPDA-PDA<ODPA
PDA<6 FDA-PDA<PMDA-PDA. The water uptake for 
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Figure 2. Isotherms of water sorption for polyimide thin films based on PDA and ODA. 

Table I. Diffusion coefficients and water uptake of 
polyimide thin films 

Polyimide Thickness Diffusion coefficient Water uptake 

structure µm DX 10- 10; cm2 s -J wt% 

PMDA-PDA 13.50 3.6 5.80 
PMDA-ODA 12.12 9.4 2.95 

BPDA-PDA 14.08 1.6 1.52 
BPDA-ODA 12.80 3.0 1.62 

ODPA-PDA 13.02 4.1 1.72 
ODPA-ODA 11.20 12.5 2.89 

6FDA-PDA 13.20 12.6 2.45 
6FDA-ODA 13.36 14.9 2.90 

the ODA based polyimide thin films varied from 1.62 wt% 
to 2.95 wt%, in increasing order: BPDA-ODA<ODPA
ODA - 6 FDA-ODA PMDA-ODA. For the ODA based 
polyimide thin films, three polyimides except BPDA
ODA showed nearly the similar order of water uptake. 

The water sorption and diffusion behavior of the poly
imide thin films could be interpreted by the morphologi
cal structure and the chemical structure. 11 - 14,13-zo By 
comparing chemical structures of PDA diamine, ODA 
diamine has a ether linkage (-0-) in backbone, which 
can be treated as a relatively hydrophilic site for water 
mnolecule.23 Thus, the chemical affinity to water mole
cules increases in the order: PDA < ODA. In the view of 
chemical affinity, one may expect that the ODA based 
polyimides show lower water sorption than the corre
sponding PDA based polyimide thin films. This is in 
good agreement with the water sorption of the polyimide 
thin films except PMDA-PDA, which showed higher 
water uptake in spite of relatively lower chemical affin-
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ity to water than the corresponding PMDA-ODA. For the 
dianhydride structure, chemical affinity to water in
creases in the order: 6 FDA<BPDA<PMDA<ODPA. 
However, the order of chemical affinity is not in good 
agreement with that of the water uptake and diffusion 
coefficient. This may suggest that the water sorption of 
the polyimide thin films may be significantly affected by 
morphological structure; crystallinity, chain orientation, 
and packing order. 

Generally, the degree of ordering and crystallinity in 
the polyimide thin films depends on the kinked group 
and on way samples are prepared.1•

2 In comparison of 
PDA diamine structure, ODA diamine in the polyimide 
has a kinked ether linkage unit per repeating chain unit 
(see Figure 1). The ODA based polyimide thin films may 
have relatively amorphous and less ordered structure 
than the corresponding PDA based polyimide thin 
films. 1

•
11

•
18 In this study, all polyimide samples were pre

pared from the same curing and thickness range. Thus, 
the morphological structure of the polyimide films may 
be solely dependent on chemical structure.11

-
14 

For morphological structures of fully imidized polyim
ide thin films, WAXD (transmission and reflection 
modes) and refractive index measurements were per
formed. For W AXD measurement, the transmission pat
tern gives a structural information for the film plane, 
whereas the reflection pattern does a structural infor
mation for the out-of-film plane. 11 -

14
•
24 Transmission 

and reflection W AXD results are shown in Figures 3 and 
4, respectively. 

Except for 6 FDA-PDA, all PDA based polyimide thin 
films showed (00 l) diffraction peaks in the transmission 
pattern corresponding to the molecular order along the 
chain axis. In contrast, (00 l) diffraction peaks in the 
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Figure 3. Transmission W AXD patterns of polyimide thin films based on PDA and ODA 
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Figure 4. Reflection W AXD patterns of polyimide thin films based on PDA and ODA 

transmission patterns were not apparent for ODA based 
polyimide thin films. PMDA-ODA showed only one 
sharp (002) diffraction peak at a low angle of 2 0 = 5. 7 4 ° 

and BPDA-ODA showed multiple diffraction peaks on 
the big amorphous halo peak in the diffraction patterns 
over the angle range of 10 to 30°. This indicates that the 
PDA based polyimide film has higher degree of crystal-
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linity than the corresponding ODA based polyimide film. 
The mean intermolecular distance in the polyimide 
films, 18

-
20

•
24 which may be a critical factor of water sorp

tion, was calculated from the characteristic transmission 
peaks as shown in Table II. The mean intermolecular 
distance for the PDA based polyimide thin films varied 
in the range of 4. 78 to 5.65 A and those for the ODA 
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based polyimide thin films varied in the range of 4.89 to 
5.66 A, respectively. The mean intermolecular distance 
was relatively higher in the ODA based polyimide thin 
films than in the PDA based polyimide thin films, indi
cating that polymer chains of the PDA based polyimide 
thin films are more or less well oriented in film plane. 
PDA based polyimide thin films had relatively higher 
crystalline structures and in-plane orientation than the 
corresponding ODA based polyimide thin films. PDA 
based polyimide thin films having more ordered struc
tures thus showed lower diffusion coefficients than the 
corresponding ODA based polyimide thin films, in good 
agreement with the diffusion behavior of the polyimide 
thin films. 

The reflection patterns of polyimide thin films are 
quite different from the transmission patterns as shown 
in Figure 4. Reflection W AXD patterns of the polyimide 
thin films except BPDA-PDA, ODPA-PDA, and BPDA
ODA, exhibited only one amorphous halo peak. This may 
indicate that other polyimides, PMDA-PDA, PMDA
ODA, ODPA-ODA, 6 FDA-PDA, and 6 FDA-ODA, have 
poor packing order. In spite of high in-plane orientation 
and small mean intermolecular distance, PMDA-PDA 
showed poor packing order, which may be closely related 
to the glass transition temperature (Tg). Due to the high 
Tg ( >500°C) of PMDA-PDA over the final temperature of 
curing,2

•
3 there might be very limited chain mobility and 

poor possibility to rearrange itself. This may cause ir-

Table II. Mean intermolecular distances ofpolyimide 
thin films based on PDA and ODA 

Polyimide Thickness Mean intermolecular 
structure distance a 

µm 

PMDA-PDA 13.50 4.78 A (18.8° l 
PMDA-ODA 11.97 4.94 A (18.2° l 

BPDA-PDA 14.08 4.87 A (18.5° l 
BPDA-ODA 12.80 4.90 A (18.l°l 

ODPA-PDA 13.02 4.78 A <18.8° l 
ODPA-ODA 11.20 4.89 A (18.4° l 

6FDA-PDA 13.20 5.65 A (15.9° l 
6FDA-ODA 13.36 5.66 A (15.8° l 

a Calculated from peak maximum of amorphous halo in the 
transmission W AXD pattern. 

regular packing of polymer chains and morphological 
imperfectness for water sorption. 1

•
8

•
11

•
18

-
20 However, 

BPDA-PDA showed three (hkl) peaks in the reflection 
pattern, such as (110), (200), and (210) and ODPA-PDA 
showed the additional shoulder diffraction peaks around 
9.5-10.5° and 25.5-26.5°. BPDA-ODA showed multi
ple diffraction peaks on the big amorphous halo peak in 
diffraction patterns over the angle range of 10 to 30° 
(20). These reflection WAXD patterns may indicate that 
packing order in films is relatively higher in the BPDA
PDA and ODPA-PDA polyimides than in the correspond
ing BPDA-ODA and ODPA-ODA polyimides. For ODA 
based polyimides, three polyimides except BPDA-ODA 
showed only amorphous halo, which may indicate ir
regular packing of polymer chains. This is well consis
tent with the results of water uptake in the polyimide 
thin films. 

The molecular in-plane orientation of the polyimide 
thin films was measured using the prism coupler. As 
shown in Table III, all polyimide thin films showed 
larger in-plane refractive index (nxy) than out-of-plane 
refractive index (nz), regardless of chemical structure. 
This indicates that the polyimide thin films had positive 
birefringence (L1) and the polymer chains are preferen
tially aligned in the film plane. In comparison, nxy and 
the average refractive index (nav), indicating the in
plane orientations of polymer films increases in the or
der, BPDA-PDA > PMDA-PDA > ODPA-PDA > 6 FDA
PDA for the PDA based polyimide thin films and BPDA
ODA > PMDA-ODA > ODPA-ODA > 6 FDA-ODA for 
ODA based polyimide thin films, respectively. PDA 
based polyimide films showed relatively higher nxy and 
nav than the corresponding ODA based polyimide films, 
which indicates that the PDA based polyimide films are 
preferentially aligned in the film plane. These results 
are well consistent with the W AXD results and diffusion 
behavior of the polyimide thin films. 

Water sorption behavior is closely related to the mor
phological structure and chemical structure. PDA based 
polyimides had relatively well-developed morphological 
structure (i.e., higher in-plane orientation and higher de
gree of crystalline structure) and lower chemical affinity 
than the corresponding ODA based polyimides. This 
may cause lower diffusion coefficient and less water up
take in the PDA based polyimide thin films than the cor-

Table III. Refractive indices and birefringences of polyimide 
thin films based on PDA and ODA 

Thickness Optical properties at 632.8 nm 

Polyimide µm In-plane Out-of-plane Average Birefringence 
structure refractive refractive refractive (L1) 

index (nxy) index (n,) index a (nav) 

PMDA-PDA 13.50 1.8244 1.5827 1.7438 0.2417 
PMDA-ODA 11.97 1.7219 1.6390 1.6943 0.0829 

BPDA-PDA 14.08 1.8507 1.6147 1.7720 0.2360 

BPDA-ODA 12.80 1.7474 1.6807 1.7252 0.0667 

ODPA-PDA 13.02 1.7760 1.6489 1.7336 0.1271 

ODPA-ODA 11.20 1.6888 1.6753 1.6843 0.0135 

6FDA-PDA 13.20 1.5844 1.5734 1.5807 0.0110 

6FDA-ODA 13.36 1.5826 1.5721 1.5791 0.0105 

a nav = (2 nxy + n,)/3 
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responding ODA based polyimide thin films. PMDA
PDA showed relatively high water uptake due to lower 
packing order. However, BPDA-PDA and BPDA-ODA 
showed good packing order, high orientation, and high 
crystalline structure. This may cause relatively low dif
fusion coefficients and water uptake of BPDA-PDA and 
BPDA-ODA polyimide thin films. However, 6 FDA-PDA 
and 6 FDA-ODA had bulky di(trifluoromethyl) groups in 
main chain, inducing amorphous structures and irregu
lar chain ordering due to weak molecular interaction 
and steric hindrance. This is in good agreement with 
morphological structure investigated by W AXD and re
fractive index measurements and well applicable to rela
tively high diffusion coefficients in the 6 FDA based 
polyimide thin films.4

•
8

•
19

•
25 

CONCLUSIONS 

The water sorption behavior of the ODA and PDA 
based polyimide thin films was gravimetrically investi
gated. The water sorption behavior of polyimides was 
quite different depending on the polyimide. Water diffu
sion coefficient of the PDA based polyimide films varied 
in the range ofl.6X 10- 10cm2 s- 1 to 12.6X 10-- 10cm2 s- 1, 

in increasing order: BPDA-PDA < PMDA-PDA < 
ODPA-PDA < 6 FDA-PDA. The water uptake varied 
from 1.52 wt% to 5.80 wt%, in increasing order: BPDA
PDA < ODPA-PDA < 6 FDA-PDA < PMDA-PDA. The 
diffusion coefficients of the ODA based polyimide films 
varied in the range of3.0X10- 10cm2 s- 1 to 14.9Xl0-10 

cm2 s -i, in increasing order: BPDA-ODA < PMDA-ODA 
< ODPA-ODA < 6 FDA-ODA. The water uptake varies 
from 1.62 wt% to 2.95 wt%, and is in the increasing or
der: BPDA-ODA < ODPA-ODA - 6 FDA-ODA -
PMDA-ODA. In comparison of ODA based polyimide 
thin films, PDA based polyimide thin films showed rela
tively well-developed morphological structures, includ
ing higher in-plane orientation, higher degree of crystal
line structure, and small mean intermolecular distance. 
The well-developed morphological structures of PDA 
based polyimide thin films lead to relatively lower diffu
sion coefficients and lower water uptake than the corre
sponding ODA based polyimide thin films. PMDA-PDA 
polyimide thin film showed relatively high water uptake 
due to poor packing order. The effects of morphological 
structure in the polyimide thin films were more signifi
cant and may be a critical parameter for water sorption 
behavior. The diffusion coefficients of polyimide thin 
films are closely related to in-plane orientation and 
mean intermolecular distance, whereas water uptake is 
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affected by packing order. 
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